The information about the genetic basis of human diseases lies at the heart of precision medicine and drug discovery. However, to realize its full potential to support these goals, several problems, such as fragmentation, heterogeneity, availability and different conceptualization of the data must be overcome. To provide the community with a resource free of these hurdles, we have developed DisGeNET (http://www.disgenet.org), one of the largest available collections of genes and variants involved in human diseases. DisGeNET integrates data from expert curated repositories, GWAS catalogues, animal models and the scientific literature. DisGeNET data are homogeneously annotated with controlled vocabularies and community-driven ontologies. Additionally, several original metrics are provided to assist the prioritization of genotype-phenotype relationships. The information is accessible through a web interface, a Cytoscape App, an RDF SPARQL endpoint, scripts in several programming languages and an R package. DisGeNET is a versatile platform that can be used for different research purposes including the investigation of the molecular underpinnings of specific human diseases and their comorbidities, the analysis of the properties of disease genes, the generation of hypothesis on drug therapeutic action and drug adverse effects, the validation of computationally predicted disease genes and the evaluation of text-mining methods performance.
INTRODUCTION
Research on the genetic causes of disease has accelerated as a result of both the completion of the human genome and the development of the Next Generation Sequencing techniques, which has opened the promise of translating the alterations in individuals' genomes in clinically relevant information to assist disease diagnostics and therapeutic decision-making. These efforts have generated a large volume of potentially useful information that has boosted biomedical research. Navigating and analyzing this information, however, is still cumbersome and time-consuming for researchers, due to four main hurdles. First, relevant information about the genetic causes of disease is scattered across specialized catalogues focused on specific disease classifications (i.e. Mendelian, or rare diseases), different model organisms, or on particular technological approaches (such as GWAS). Second, the fragmented nature of the processes generating this information has resulted in data of heterogeneous nature, not always annotated with controlled vocabularies and ontologies, and provided with different formats which are often non-trivial to reconcile. Third, the identification and prioritization of the relevant information from the vast quantity of data they harbor is often a challenging task for the end user. Finally, the access to most resources is usually limited to web interfaces and data downloads, hampering the usability of the information they contain. To further complicate this situation, a significant portion of the research on this field is only available as free text in scientific publications. These data are then, not amenable for computational analysis, and their inspection by researchers and clinicians, slow and tedious.
Repositories integrating and homogeneously annotating our current knowledge of the genetic causes of diseases are therefore essential to expedite translational research. To address this need we have developed DisGeNET (1,2), a discovery platform that contains a comprehensive catalogue of genes and variants associated to human diseases. DisGeNET covers the whole landscape of human diseases, including Mendelian, complex, environmental and rare diseases, and disease-related traits. DisGeNET collects data on genotype-phenotype relationships from several of the most popular resources in this area. These data are complemented with information extracted from the scientific literature using NLP-based text-mining tools. A variety of annotations and several metrics are offered to support, prioritize and facilitate the retrieval, and interpretation of the information. Furthermore, the platform offers several tools to interact with the data, including a web interface, a Cytoscape App, an R package and a SPARQL endpoint. The data are available for downloading in several formats. In this way, DisGeNET offers one of the most complete repositories on the genetic causes of human diseases to a wide range of users and purposes.
A COMPREHENSIVE CENTRALIZED REPOSITORY OF DISEASE-ASSOCIATED GENES AND VARIANTS
In order to present the most complete landscape of the extent of our knowledge of the genetic underpinnings of human diseases, DisGeNET integrates data from expert curated databases with information gathered through textmining the scientific literature. The DisGeNET release 4.0 includes the following resources (for more details about the data processing, and versions, please check the Supplementary Data and http://disgenet.org/web/DisGeNET/ menu/dbinfo): -The Comparative Toxicogenomics Database (CTD) that provides information about chemicals and genes, and their effect in human health and disease (3) -UniProt, a repository centred on protein sequence and function, that also include disease annotations from OMIM, and from expert curation of the scientific literature (4) -ClinVar*, a public archive of relationships between human variants and phenotypes, including diseases (5) -Orphanet*, a portal on rare diseases and their genes (6) -The GWAS Catalog*, a curated collection of published GWAS results (7) -The Rat Genome Database (RGD), a repository for the genetic, genomic and phenotypic data of the laboratory rat (8) -The Mouse Genome Database (MGD), the main community resource for the laboratory mouse, that includes information about mouse models of disease (9) -The Genetic Association Database (GAD), an archive of genetic association studies (10) Additionally, DisGeNET includes two data sets obtained using different text-mining approaches -The Literature Human Gene Derived Network (LHGDN), a data set of gene-disease associations obtained by text-mining the Entrez Gene Reference Into Function (GeneRIFs) using a Conditional Random Field approach (11) -BeFree data, obtained using the BeFree System, which extracts gene-disease associations from MEDLINE abstracts (12, 13) * New sources with respect to the last published release The data in DisGeNET are aggregated according to the original source in: CURATED, that includes data from UniProt, ClinVar, Orphanet, the GWAS Catalog and CTD (human data), PREDICTED, including RGD, MGD and CTD (mouse and rat data), and ALL. For further details about the data processing, see the Supplementary Material. Figure S1 , panel B). The lack of redundancy across different resources emphasizes the importance of integration, and is a consequence of the fragmented nature of data production, the different focus of individual resources and the different criteria for curation.
HOMOGENEOUS ANNOTATION OF THE DATA FOS-TERS INTEROPERABILITY AND EASES INTERPRE-TATION
The data retrieved from the different resources are harmonized and standardized using community driven-controlled vocabularies and ontologies. Furthermore, genes, diseases, variants, GDAs and VDAs are enriched with additional information that expedites data interpretation and analysis, both manual and automatic.
Unified Medical Language System (14) (UMLS) Metathesaurus Concept Unique Identifiers are employed to homogeneously annotate diseases obtained from different sources. To allow interoperability, and to bridge the research and the clinical settings, DisGeNET provides a wide variety of disease vocabularies. These include MeSH, OMIM, Disease Ontology (15) (DO) and ICD9. Disease attributes include the MeSH disease class, the UMLS semantic type, the Human Phenotype Ontology (16) and the DO upper level classes. In version 4.0, we distinguish between abnormal phenotypes, traits, signs and symptoms from actual diseases using the UMLS semantic types followed by manual curation. In addition, disease entries referring to very general classes such as 'Cardiovascular Diseases', 'Autoimmune Diseases', 'Neurodegenerative Diseases and 'Lung Neoplasms" are indicated as 'disease group'.
Gene HGNC symbols and UniProt identifiers are mapped to Entrez gene identifiers. The genes are described DisGeNET 4.0 has made a stronger emphasis on the relationship between variants and diseases. Variant-disease information in DisGeNET originates from ClinVar, the GWAS Catalog, UniProt, GAD and from BeFree data. Variants are identified using the NCBI Short Genetic Variations database (dbSNP) identifiers, and annotated with the chromosomal position, the reference and alternative alleles and the variant class, obtained from dbSNP database (19) . Additionally, variant allele frequencies computed by the Exome Aggregation Consortium, which aggregates and harmonizes exome sequencing data from a variety of largescale sequencing projects (20) , and by the 1000 Genomes Project, a public catalogue of human variation and genotype data (21) , are provided. Finally, the most severe consequence type of each variant is displayed, obtained using the Ensembl Variant Effect Predictor (22) .
For both, GDAs and VDAs, the publication(s) supporting the association, a representative sentence from each publication and the original source are available. In DisGeNET 4.0 the full collection of publications supporting each association has been made available (in previous releases only 10 representative papers were shown). Additionally, the associations can now be sorted or filtered by publication year. The new release also benefits from an improved disambiguation between genes and diseases implemented in the BeFree text-mining system. Furthermore, false positive GDAs have been semi-automatically removed from all textmining data sets (BeFree, GAD and LHGDN). Lastly, each GDA is characterized with the DisGeNET gene-disease association type ontology that has been updated to include new association types (highlighted in purple in Supplementary Figure S2 ).
PRIORITIZATION FEATURES TO GUIDE THE EXPLO-RATION OF THE GENETIC BASIS OF DISEASE
To help navigating the more than 400 000 GDAs in DisGeNET, these are rated with a confidence score (the DisGeNET score) that reflects the recurrence of a GDA across all data sources. The DisGeNET score takes into account the number of sources supporting the association and the reliability of each of them (for further details see http://disgenet.org/web/DisGeNET/menu/ dbinfo#score). The score is updated in each release to include the new sources incorporated in the database.
In order to facilitate ranking the genes associated with a disease, in this release we introduced two new metrics. The Disease Specificity Index (DSI) ranges from 0 to 1, and is inversely proportional to the number of diseases associated to a particular gene. A gene associated to a large number of diseases (e.g. TNF, associated to more than 1500 diseases) will have a DSI close to zero, while a gene associated to only one disease, is more 'specific' for that disease and has DSI of 1. The Disease Pleiotropy Index (DPI) ranges from 0 to 1 and is proportional to the number of different (MeSH) disease classes a gene is associated to. Thus, a gene associated to diseases of diverse classes (such as APOE, associated to Cardiovascular Diseases, Mental Disorders, Neoplasms, Respiratory Tract Diseases, etc), will have a DPI close to 1. Conversely, the PSCA, associated to 58 diseases, most of which are neoplasms has a relatively low DPI.
FLEXIBLE DATA ACCESS TO ANSWER DIFFERENT RESEARCH QUESTIONS
The DisGeNET platform includes several ways of accessing the data, which makes it a versatile resource to answer questions posed by different types of users, and to achieve diverse goals (Figure 1) . The web interface is designed for user-friendly exploration of small portions of the data by users interested in a particular disease, gene or variant. Using customized scripts allows querying the database for large lists of genes, diseases or variants, and including DisGeNET data in computational workflows. The DisGeNET Cytoscape App is especially suited to carry out network medicine analyses and visualize their results. Accessing the data using Semantic Web technologies enables to combine DisGeNET data with other types of biological information available in the Linked Open Data (LOD) cloud (http://lod-cloud.net/). Finally, the disgenet2r R package facilitates exploring, analysing and visualizing the data using the powerful graphical and statistical capabilities of the R environment.
The web interface
The DisGeNET web interface allows searching by single gene, disease and variant, using different types of identifiers. Searching by short lists of genes, diseases and variants is also possible. The user can also browse the data, using the Browser entry point. To ease the interpretation of the information, the different views of the web interface show annotations of the different biological entities to the aforementioned attributes. The interface also enables sorting and filtering the data using the DisGeNET score, the DPI, the DSI, the publication year and the DisGeNET gene-disease association type. Links to other reference resources, such as the NCBI gene, UniProt, UMLS and dbSNP, are also provided.
Programmatic access
As a result of exploring DisGeNET data using the web interface, scripts in R, Perl, Python and Bash are automatically generated. These scripts can be downloaded and customized to generate the same or similar queries, allowing to reproduce the results of the analysis performed through the web interface and to incorporate DisGeNET data as part of automatic computational workflows. Additionally, in the downloads section of the website, several exemplary scripts are provided to perform queries to the DisGeNET database, with use case examples.
The DisGeNET Cytoscape App
The DisGeNET Cytoscape plugin (1) has been updated to correspond to Cytoscape versions 3.0 or higher. The DisGeNET Cytoscape App allows visualization of the GDAs as bipartite networks, and also exploration of the data in a disease or gene-centric way. A variety of features can be used to construct the networks, such as filtering by disease class, the DisGeNET gene-disease association type, data source and score range. The networks can also be built around a particular gene, or disease. The DisGeNET Cytoscape App, and a detailed tutorial on how to use it, are available for download at http://disgenet.org/web/DisGeNET/menu/ app.
DisGeNET-RDF
DisGeNET data are also published as machine-readable data through DisGeNET-RDF (23) and nanopublications (24) linked data sets, which increases the FAIRness of the data (25) . Entities and properties in DisGeNET-RDF are semantically defined making extensive reuse of standard identifiers, vocabularies and ontologies such as the National Cancer Institute thesaurus, for medical vocabulary and the Semanticscience Integrated Ontology (26) for general science. DisGeNET-RDF is interlinked to other biomedical databases available in the LOD cloud that enables performing complex queries that need the interrogation of different resources to be answered. The DisGeNET SPARQL endpoint allows exploration of the DisGeNET-RDF data set and query federation to expand DisGeNET gene-disease association information with data on gene expression, drug activity and biological pathways, among others. Representative queries linking the data to other reNucleic Acids Research, 2017, Vol. 45 , Database issue D837 sources such as Wikipathways (27) , ChEMBL (28) and the Gene Expression Atlas (29) are available at the RDF page in the website (http://www.disgenet.org/web/DisGeNET/ menu/rdf#sparql-queries).
The disgenet2r R package
DisGeNET data can also be accessed via an R package, disgenet2r. The package contains a series of functions to retrieve gene-disease and variant-disease data, and to perform mappings between several biomedical vocabularies. The results of the queries can be visualized using a variety of plots, such as heatmaps, barplots and several types of networks. The package is especially well suited to explore the genetic basis of diseases, and disease comorbidities. Furthermore, the disgenet2r package permits benefiting from the Semantic Web technologies, without the need of special expertise in this area through a set of functions that use DisGeNET-RDF and other resources available in the LOD cloud. These functions include retrieving the druggable targets for a disease of interest, or obtaining the biological pathways for a list of disease genes. The disgenet2r package also expedites the integration of DisGeNET data with other R packages. The source code and documentation of disgenet2r package are available at https://bitbucket.org/ibi group/disgenet2r.
CONCLUSIONS AND FUTURE PERSPECTIVES
New trends are starting to emerge in disease therapeutics. Some examples include immunotherapies, gene therapy, the use of siRNA and anti-sense oligonucleotides, and the more recent possibility of genome editing with CRISPR-cas9 systems. The structural constraints imposed by 'classical' drug development will no longer be a limitation, marking the end of the so called 'druggable genome' (30) . With this, a new type of therapy, based on disease mechanisms is starting to emerge (31) . The precise knowledge of the molecular processes underlying disease pathophysiology will become the new limiting step in drug development. In order to elucidate these mechanisms, integrative approaches that aggregate all the available information on the genetics basis of diseases are an essential step. Currently, some of the more popular resources only represent a fraction of the available knowledge. For example, OMIM (32) covers only Mendelian diseases, Orphanet (6) is a compilation of rare diseases, while the GWAS Catalog (7) is a repository for GWAS data, involving mainly complex diseases and traits (For a detailed list of available resources, see Supplementary  Table S1 ). Conversely, DisGeNET aims at integrating information on the genetic underpinnings of all disease therapeutic areas, and in such endeavor, at being a repository of reference for closing the genotype-phenotype gap.
DisGeNET platform has been used to study a variety of biomedical problems, which include investigating the molecular basis of specific diseases (33) (34) (35) (36) , annotating lists of genes produced by different types of omics and sequencing protocols (37) (38) (39) , validating disease genes prediction methods (40) (41) (42) , understanding disease mechanisms in the context of protein networks (43, 44) , gaining insight into drug action (45) and drug adverse reactions mechanisms (46) , drug repurposing (47), exploring the molecular basis of disease comorbidities (48, 49) , assessing the performance of text-mining algorithms (50) and as part of other resources (51) (52) (53) .
DisGeNET is a well-established resource with four stable releases (as of October, 2016). It is regularly growing, fuelled and kept up-to-date by the new research, by the incorporation of new data sources, and by the interest of a growing community of users. The careful use of standards, and state of the art biomedical ontologies, the attention paid to keeping track of the provenance of the information, together with the extensive documentation of the data processing and the multiple access points, makes of DisGeNET a platform of choice to support translational research.
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